Introduction
The first observations on "breath figures" and on the possibility of taking advantage of the spontaneous condensation of water droplets were made by Lord Rayleigh in early 1911 (1) . Nonetheless it was only in the last 2 decades that the process has gained more attention from the scientific community (2) (3) (4) (5) . The possibility of creating highly ordered structures as an alternative to conventional templating technologies has inspired several authors, stimulating their curiosity. assembled, ordered, honeycomb film (15) . The general mechanism proposed for the formation of a breath figure-patterned surface relies, in this work, on 3 subsequent steps: cooling of the polymer solution by the evaporation of the organic solvent, water condensation from the humid flow and simultaneous arrangement of the water droplets in an ordered hexagonal structure and finally the evaporation of organic solvent and water. Although it is a simple method, a full understanding of the mechanisms that govern the breath figure formation is still the object of discussion (16) . The interplay of the thermodynamics and hydrodynamics on the film properties, particularly on the pore size and pore size distribution, has to be investigated further to scale up the process.
The possibility of processing different polymers by the breath figure method has been tested and is described in a number of works reported in the literature. Polymeric blends (17) , block copolymers (18, 19) , amphiphilic copolymers (20, 21) , dendronized polymers (22) and star copolymers (23, 24) are among those reported. Recently, Sun and coworkers reported the use of a stabilizing agent to promote the preparation of highly ordered films (25) . The application of such processes for the development of materials to be used in the pharmaceutical and/or biomedical area has not been extensively described. However, the few works reported present promising results. Beattie and coworkers have reported that fibroblast cell attachment in conducting block copolymers is greatly influenced by the presence of an ordered structure prepared by breath figure (18) . In another work from the same group, the possibility of preparing surfaces for cell growth was successfully demonstrated (26) . Recently, poly(ε-caprolactone) honeycomb structures were reported useful for neural tissue engineering (27) . Fukuhira et al reported biodegradable honeycomb-patterned films from poly(lactic acid) and dioleoylphosphatidylethanolamine (DOPE) patterned films, which demonstrated good cell proliferation and were hence proposed as candidate scaffolds for tissue engineering applications (28) . Specific applications can greatly benefit from patterned surfaces. Recently, Gerberich and coauthors (29) have reviewed the use of scaffold patterned surfaces for tissue engineering, particularly to be used as antimicrobial surfaces (30) , cardiac constructs to establish proper alignment of cardiomyocytes, as neurite outgrowths on 2-dimensional surfaces or to guide stem cell differentiation. The development of patterned surfaces may offer a structuring tool for tissue growth, although the effect of surface features on cell behavior is still a subject of discussion, as many variables influence cell behavior, and some of these variables are difficult to study independently. Ponnusamy et al report the use of breath figure-patterned surfaces as 3D substrates for cell adhesion and growth, particularly to mimic mammary tissue and provide a surface for in vitro cell culturing (31) . Breath figures have also been reported to have the potential to regulate cell behavior as described by Wu and coworkers (32) or to induce stem cell differentiation (33) . The potential of these systems goes further as deeper knowledge is generated. Wang and coworkers report the antibacterial effect of substrate prepared by the breath figure method (34) .
Moreover, under particular circumstances, when casting conditions are opportunely tuned, there is the possibility to switch between highly ordered holed films to a complementary assembly constituted of patterns of polymeric microspheres. Xiong and coworkers have proposed for the first time a method for the preparation of microsphere patterns: the so-called reverse breath figure method (35) . The microspheres can be seen as the reverse of the honeycomb structures. Microspheres of linear and star-shaped poly(styrene-block-butadiene) copolymers were produced using this technique. The major difference in the process is the fact that the atmosphere created is composed of an organic solvent rather than water, which traditionally creates the breath figure patterns. In this case, the condensed liquid favors the formation of droplets of the polymeric solution, which solidify in a microsphere pattern. Potential applications of these materials are similar to those of breath figure films but can also include use as micrometric vectors for drug delivery (36) .
The use of breath figure methodology to process naturalbased polymers has been only recently reported (37) . In recent years, biodegradable plastics made from renewable resources constitute an important material innovation because they decrease dependence on petroleum and reduce the amount of waste material. Several naturally derived polymers, such as cellulose, starch, chitosan, chitin, alginates and other polysaccharides, hold the potential to be used in applications where synthetic polymers have been traditionally the materials of choice, as is the case in biomaterials and biomedical applications (38) . Processing natural-based polymers still remains a challenging task, due the intrinsic nature of these materials. Their unusually high crystallinity limits their solubility in most organic solvents, and their high melting temperature, which is in most cases higher than the degradation temperature of the polymer, does not allow the use of conventional solvent-based or melt-based processing methodologies. To overcome this, blend natural-polymers with biocompatible thermoplastics such as poly(lactic acid) have been shown to be a promising way to enhance polymer processability. In this work, we hypothesized that the breath figure technique might be employed to prepare honeycomb-ordered films and/or microspheres of natural-based polymers.
Breath figure and reverse breath figure methods can be optimized by tuning particular variables -namely, humidity, solvent, polymer, polymer concentration in solution, temperature, substrate and vapor atmosphere. These parameters were tested in this work. We particularly focused on the possibility of tuning the characteristics of the patterns formed by varying the vapor atmosphere composed of pure water or pure methanol and a range of stoichiometric percentages of both, to give more insights into the mechanisms that govern the breath figure pattern formation.
As a last step, the materials obtained were tested to check their possible use in a biologically oriented application, excluding cytotoxicity issues and evaluating their positive interaction in contact with cells.
Materials and methods

Materials
Poly(D,L-lactic acid) (PDLLA) with an inherent viscosity of 1.87 dL/g was purchased from Boehringer Ingelheim (Resomer R207S, a racemic mixture 50:50) and a commercial blend of 
Reverse breath figure
An in-house built apparatus was used to precipitate PDLLA and SPLA by the reverse breath figure method. Briefly, a constant flow of nitrogen of 5 mL s -1 was passed through the bubbler containing the nonsolvent. The bubbler was set to the desired temperature (0°C, room temperature or 50°C), and the nonsolvent composition was a stoichiometric ratio between water and methanol (H 2 O:MetOH molar ratios tested were 100:0; 80:20; 75:25; 70:30; 50:50; 30:70; 25:75; 20:80 and 0:100). The nitrogen flowed through the chamber in which the substrate was placed, creating a saturated atmosphere and forming small droplets due to condensation. At this point, a droplet of polymeric solution was injected on top of the substrate. The polymers (PDLLA or SPLA) were dissolved in the appropriate solvent (toluene or chloroform) at the desired concentration (0.5 or 1 wt%). The process was repeated changing 1 condition at the time. The different substrates tested were glass, polyethylene terephthalate (PET), Teflon and silicon (with and without patterned surface). All substrates were gently cleaned before casting by immerging in nonionic detergent followed by acetone.
Contact angle measurements
Contact angles of the substrates were measured using a Wilhelmy balance and Milli-Q ultrapure water. The velocity of the movement was adjusted at is 20 μm/s, and each sample was dipped twice (the first immersion for 6 mm, the second for 10 mm) to verify surface wetting stability.
Scanning electron microscope
The samples prepared were characterized by scanning electron microscope (SEM) analysis (NanoSEM -FEI Nova 200 -FEG/SEM). The samples were fixed by mutual conductive adhesive tape on aluminum stubs and covered with gold palladium using a sputter coater.
In vitro studies
Cell culture and seeding
A human osteogenic sarcoma cell line (SaOS-2 cell line; European Collection of Cell Cultures, UK), was maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, Germany) supplemented with 10% heat-inactivated fetal bovine serum (Biochrom AG, Germany) and 1% antibioticantimycotic solution (Gibco, UK). Cells were cultured in a humidified incubator at 37°C in a 5% CO 2 atmosphere.
Confluent cells were harvested and seeded in the different surfaces as follows: PDLLA and SPLA matrixes were distributed in a 24-well culture plate. Then 1 mL of cell suspension with a concentration of 4 × 10 4 cells/mL was seeded on top of the surfaces and cultured for 24 and 72 hours. Glass surfaces were used as control.
Cell viability assay
Cell viability was evaluated by the MTS assay. This assay is based on the bioreduction of a tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphofenyl)-2H-tetrazolium (MTS; Promega, USA), into a water-soluble brown formazan product. This was quantified by UV spectroscopy, reading the formazan absorbance at 490 nm in a microplate reader (Bio-Tek, Synergie HT, USA). Three samples per time point were analyzed.
Cell adhesion and morphology
Cells were stained with calcein and observed under a fluorescent microscope to evaluate cell distribution and morphology within the surface of the substrate. Green fluorescence is also an indication of the viability of the cells cultured on these matrices.
Results and discussion
The formation of patterned surfaces via the breath figure or reverse breath figure method, although involving a simple experimental method, may be influenced by a vast number of different parameters. In this work we evaluated the effect on the morphology of the structures obtained, of the polymer solution concentration, temperature, substrate effect in different PDLLA solutions and the effect of the solvent and the nonsolvent in the preparation of PDLLA and SPLA patterned surfaces. Figure 1 shows the SEM micrographs of the particles prepared at 50°C, from PDLLA solutions in toluene and chloroform (0.5 and 1 wt%) and different substrates (glass, PET, Teflon, silicon and patterned silicon). The main parameters tested were, hereafter, polymer concentration, temperature of the vapor atmosphere and substrate. Methanol was used to create the vapor atmosphere and therefore to act as nonsolvent. Methanol was chosen, instead of ethanol, due to its higher surface tension, as well as other advantages, which give it the potential to lead to better results.
Effect of polymer concentration
The polymer concentration in solution is an important parameter that needs to be optimized to produce discrete microspheres, as the process depends on the mobility of the condensed droplets from the vapor phase. Two polymer solutions were tested, at 2 different concentrations. PDLLA was dissolved in toluene and chloroform at 0.5 and 1 wt%. Experiments suggest that a concentration of 0.5 wt% is too low for the preparation of microspheres. For this reason, 1 wt% of polymer concentration in solution was used in the following experiments.
Effect of temperature of vapor atmosphere
The breath figure formation mechanism relies on the creation of patterns by the condensation phenomenon. These patterns are formed when moist air comes in contact with a cold surface. The temperature of the vapor phase atmosphere will influence the facility to form the patterns described (35) . In physical terms, an increase in temperature corresponds to a decrease in surface tension, which is translated into a higher mobility. Experiments were carried out at 0°C, room temperature and 50°C for the precipitation of PDLLA from toluene or chloroform solution. At lower temperatures, the preparation of particles was not successful due to the poor saturation of vapor atmosphere with the methanol and consequently the condensation of methanol on the substrate surface (see supplementary material). The increase to 50°C seemed to promote the best conditions for the successful formation of particles; therefore, this condition was used in subsequent experiments.
Effect of substrate
In this work, substrates from glass, PET, Teflon, silicon and a patterned surface of silicon were tested. The results obtained and presented in Figure 1 suggest that microspheres formation was favored when glass and PET substrates were used. Different substrates produce different morphological characteristics. However, the relationship between this parameter and the type of structures prepared is still an object of discussion, and a consensus has not yet been reached among the scientific community. It may be explained by the differences in wettability of the surfaces, which seems to be the characteristic that governs the differences obtained (39) . We evaluated, hereafter, the contact angles of the surfaces to investigate the surface energy of the substrates. Contact angles measured in the substrates tested showed that in terms of magnitude, the contact angles showed the following inequalities: silicon <glass <PET <Teflon -namely, 52 ± 1, 69 ± 4, 94 ± 5, 121 ± 7, respectively. These observations suggest that in the particular case of precipitation of PDLLA from organic solutions, the best substrates for reverse breath figure formation are the ones with lower contact angles (silicon and glass) -that is, substrates presenting higher wettability. The substrate chosen to pursue the objectives of this work and to perform subsequent experiments was glass. Having determined the best conditions which concern polymer concentration (1 wt%), temperature of vapor phase (50°C) and substrate (glass), we investigated the effects of solvent and composition of the vapor atmosphere.
Solvent and vapor atmosphere effect
The formation of a honeycomb-ordered morphology structure pattern by the breath figure method has been described to occur in 3 stages. In the initial stage, nucleation and growth of the nonsolvent droplets occurs. This step is mainly governed by the type of nonsolvent used and the temperature of the environment. The second stage involves surface arrangement of nonsolvent droplets into a hexagonal array, and the third regards polymer precipitation around the nonsolvent, followed by complete evaporation of the solvent. Contrary to the first 2 steps, this last one is greatly influenced by the nature of the polymer itself. The same steps occur in the reverse breath figure method, although in the second stage, it is the polymeric solution that forms the droplets involved by the nonsolvent (26) . Figure 2 schematically represents these stages of breath figure formation and reverse breath figure formation. The differences in the processes are related to the interface phenomena that occur between polymer/solvent/nonsolvent. The physical properties of the solvents and nonsolvents and the affinity toward the polymer greatly affect the breath figure and reverse breath figure process. Table I presents the physical properties of the solvents and nonsolvents used in this study.
Depending on the surface properties such as surface tension of solution and nonsolvent, the process will occur when 1 or the other liquid wets better the substrate surface; hereafter, the liquid with lowest surface tension will be considered the continuous phase, surrounding the liquid with higher surface area. Figure 3 shows the differences in the processes. In the case of microsphere formation, the condensed liquid (methanol) spreads out, and the polymer solution shrinks to form microdroplets due to its higher surface tension (Fig. 3A) . In contrast, in the case of polymeric film formation, the surface tension of the vapor phase (water) is higher than that of the polymeric solution, the condensed liquid forms stable drops at the surface and porous films are obtained (Fig. 3B) .
The choice of the best organic solvent to precipitate polymers using the breath figure and reverse breath figure methods strongly depends on the capability of the solvent to dissolve the polymer and on the affinity of the polymer toward the solvent. Its effect on the reverse breath figure formation is, however, more complex; it is related to the physical properties of the solvents and the thermodynamic affinity toward polymer and composition of vapor atmosphere. Two different solvents, toluene and chloroform, and 2 nonsolvents (water and methanol) were used, and the effect on the precipitation of PDLLA and SPLA was evaluated (Figs. 4 and 5, respectively) . For both polymers and polymeric solutions, ordered porous films were obtained when water was used in a condensed phase, while microspheres were collected after the precipitation using methanol to create the vapor atmosphere.
Image analysis allowed the determination of the pore and particle size distribution from the SEM images. In the case of the films, the precipitation from toluene solution generated a more homogeneous pattern with a narrow pore size distribution (Figs. 4 and 5 ). This was observed for both polymers. Honeycomb-patterned surfaces were only achieved for the natural-based polymer, and the most ordered structure was obtained from SPLA precipitated from toluene solution. The formation of honeycomb structures has been considered to depend on -besides interfacial phenomena -the thermodynamic affinity between polymer and solvent and solvent-nonsolvent (41) . In this work, we studied the affinity between polymer and solvent based of the Hansen solubility parameters (HSPs) (42) . The solubility parameter is one of the most widely applicable scales, reflecting the total Van der Waals forces between molecules. The solubility parameter is also an important parameter, as it is a function of the cohesive energy density. The approach followed is based on the degree of compatibility of materials -i.e., on the relative energy difference (RED), which can be estimated from the different interaction parameters between polymer and solvent using Equation [1] : 
Eq. [1] where, δ D , δ P and δ H are the HSPs, as listed in Table II . The lack of information on the physical constants for the polymeric blend of starch-poly(lactic acid) limits the analysis to the pure synthetic polymer PDLLA; however, this can still provide us with some insights into the thermodynamic parameters influencing the breath figure and reverse breath figure methods. The estimated values for RED between PDLLAtoluene and PDLLA-chloroform were <1 (Tab. II). These values provide an indication that there is a high thermodynamic affinity between polymer and solvent, and therefore the ability to form ordered breath figures (41, 44) . Additionally, toluene is the solvent with a lower vapor pressure, higher surface tension and higher RED, which suggests that toluene is a good solvent for the preparation of highly ordered structures from PDLLA. The patterned surfaces obtained from the breath figure process are dependent on the compatibility between polymers and solvents, thus, a poor solvent is the one that allows the migration of polymer chains to the water/solution interface, resulting in coalescence of water droplets and poor regularity of pores. The Flory-Huggins interaction parameter, which is commonly used to measure the polymer/solvent compatibility, can also be used to evaluate the compatibility between solvent/nonsolvent and polymer/nonsolvent. The interactions and affinities between solvent and nonsolvent can be calculated using Equation [2] :
Eq. [2] where R is the ideal gas constant (8.314 J K -1 mol -1 ), T is the environmental temperature (298 K) and V m is the molar volume of the solvent or nonsolvent (45, 46) . Table III presents the calculated X affinity coefficients for the solvent and nonsolvents used.
The precipitation step is a critical step for the preparation of ordered films. If precipitation is slow, water droplets may coalesce leading to broader pore size distributions. In this sense, it is possible to infer the velocity of solution evaporation from the affinity between solvent and nonsolvent. If the affinity between them is too high, water droplets condense on the surface, but they do not have time to arrange themselves into a regular pattern, resulting in a poorly organized structure. The solvent with faster evaporation will lead to misarranged results. Chloroform, due to its higher vapor pressure and lower boiling point as compared with toluene, From sources (40, 42, 43) . PDLLA = poly(lactic acid); RED = relative energy difference. will consequently lead to a faster process and therefore to the precipitation of structures with broader pore sizes. This was also observed for the SPLA breath figure formation. When methanol was used as a nonsolvent, microspheres were created. The differences obtained when using toluene or chloroform can be explained using the same rational as for the SPLA polymeric films. In the reverse breath figure method, the polymer solution will form dispersed small amounts surrounded by a thin layer of nonsolvent. In this case, a faster process leads to the formation of particle agglomerates rather than discrete particles.
After studying the effect of pure vapor atmospheres, the effect of a mixed vapor atmosphere of different methanol to water ratios in the precipitation of PDLLA and SPLA was evaluated. Using the same experimental set up, PDLLA and SPLA dissolved in toluene and chloroform (1 wt%) were cast on a glass substrate under a vapor atmosphere (at 50°C) with different molar percentages of methanol and water. Figure 6 shows the structures obtained for the different conditions tested, regarding SPLA precipitation from toluene solution.
The trend of the morphologies obtained was similar for all conditions studied: both PDLLA and SPLA precipitated in these structures from either toluene or chloroform solutions. The increase in methanol concentration led to the production of spheres, while the presence of a higher percentage of water in the vapor phase led to the development of more or less ordered porous films, as discussed previously.
The coexistence of both nonsolvents leads to the creation of intermediate patterns, in which both a porous film and microspheres are observed. Leong and coworkers (47) recently described the production of porous films and microspheres of block glyco-copolymers by the addition of water to the polymeric solution. The vapor atmosphere was in this case composed of 28% or 76% humidity. According to their findings, the production of microspheres was only achieved when higher contents of water were added to the polymeric solution. Our results showed the opposite effect. The increase of water content in the vapor atmosphere had a positive effect on the preparation of ordered porous films, while its absence promoted the precipitation of the polymers in a microsphere pattern. This may be explained by the difference in solvents used as well as by the differences in the polymers. In another work, on the preparation of breath figures from a nonaqueous vapor atmosphere, Ding and coworkers (48) have demonstrated the possibility of preparing breath figures either in the presence of organic alcohols such as methanol and ethanol or in the presence of water. The differences obtained in the morphology of the surfaces are related to the size and shape of the pores, which are a function of the physical properties of the atmosphere solvents, including surface tension and evaporation enthalpy.
In vitro studies
The effects of ordered structures on cell attachment and growth has been analyzed by different authors (49) . Regular topographies or surface roughness are known to have an influence on cell alignment, can dictate cell migration and can even regulate cell signaling. Ponnusamy and coworkers report the preparation of PLGA porous membranes by the breath figure method for cell growth, particularly for in vitro modeling of mammary morphogenesis. The authors report changes in cell growth and proliferation depending on the topological features of the substrate. The increased porosity provides a large surface area responsible for aggregation of the cells in a 3D orientation, which holds the potential to be used for in vitro substrates which mimic in vivo tissues (31) .
In this present study, preliminary experiments on cell attachment, morphology and viability on both PDLLA and SPLA surfaces were assessed by fluorescent microscopy after 24 and 72 hours of culture. Figure 7 shows calcein acetoxymethyl (calcein AM) staining of the cells cultured on PDLLA patterned surfaces after 24 and 72 hours, in both honeycomb-like films and microparticles.
Although the pattern is not clear in these microscopic images, it is possible to notice the arrangement of the cells close to the material, which differs from the shape they have when attached to the glass substrate. While after 24 hours, osteoblasts present a spherical shape when cultured on the material, they are already elongated when growing on the glass surface.
Nevertheless, the good integration of the cells with the materials prepared is also visible by SEM. Figure 8 presents an image of osteoblast cells cultured on SPLA precipitated from toluene solution using 100% methanol in the vapor phase. That image shows that after 72 hours, the cells are spread on the surfaces developed. The cells are well spread, and the particles have promoted cell attachment. Furthermore, it is possible to observe that they follow the contour of the pattern.
The preparation of substrates for cell culture and growth with potential applications in tissue engineering involves rigorous control of the potential toxic compounds that may be present, and this is particularly relevant when organic solvents are used in the preparation of the materials. In vitro cytotoxicity studies were carried out on 3 different substrates produced. Cytotoxicity of samples of PDLLA prepared from a chloroform solution and SPLA prepared from a toluene solution were evaluated by MTS assay, after 24 hours of cell culture. Figure 9 shows the viability of cells when compared with the control (glass surface).
The results demonstrate that the cells are able to attach to the materials produced, and no significant differences between cell growth on the surfaces and on the polystyrene culture plate were observed. Therefore we can conclude that the materials produced do not induce a cytotoxic effect on cell growth.
Conclusions
The development of patterned surfaces using the breath figure method was tested in this work for the preparation of both PDLLA and a blend containing starch and poly-lactic acid (SPLA). The best conditions to process PDLLA and SPLA patterns and the influence of different parameters, such as temperature or concentration of the solutions, and the different substrates, were evaluated. The results suggest that higher temperatures of the vapor phase favor the process (50°C). The wettability properties of glass also show that this is the best substrate for the experiments performed. The solvent used in the preparation of polymer solution also had an effect on the patterned surfaces prepared, with toluene being the better solvent, especially due to its lower thermodynamic affinity toward the polymer and higher affinity toward the solvent used in the vapor phase, when compared with chloroform.
We have demonstrated that the preparation of a honeycomb-ordered film or a microsphere pattern from PDLLA and SPLA depends largely on the vapor phase atmosphere. Ranging from pure water to pure methanol in the vapor phase, highly ordered porous membranes or microspheres were obtained. According to the results obtained, the process is governed by interplay of different conditions such as the polymeric solution and vapor phase characteristics. In particular, interfacial tension between the evaporating solvent and the condensing nonsolvent present in the vapor atmosphere mainly account for the type and organization of the structures created. The ability of polymer solution to surround water droplets, or methanol to surround polymer droplets, will ultimately determine whether a porous film or particles are formed.
The potential of these films to be used in the biomedical area was confirmed by a preliminary cytotoxicity test and by morphological observation of cell adhesion. These structures may be used in different applications. In particular, they present an interesting alternative to bottom-up approaches, which involve microfabrication techniques for the development of 3D structures by assembly of different polymeric layers. The experimental designs used and the general principles that resulted from the analysis of the results could be used in the development of patterned surfaces with other systems. 
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